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[1] Wintertime wind stress curl (WSC) field in the North
Pacific is investigated to reveal large-scale variabilities
and their relation to atmospheric teleconnection patterns. It
is found that the leading empirical orthogonal function
(EOF) and the next three rotated-EOF modes of wintertime
WSC anomalies well correspond to those of atmospheric
teleconnection patterns, i.e., Pacific/North American (PNA),
Western Pacific (WP), Tropical/Northern Hemisphere
(TNH), and Eastern Pacific (EP) teleconnection patterns,
respectively. Time coefficient of the first EOF mode well
correlates with the North Pacific Index, and does with the
Pacific Decadal Oscillation Index, to some degree. It is also
found that Sverdrup transports in the two zonal bands of
25N–30N and 42.5N–47.5N have highly negative
correlation and these variations can be represented by the
forcing field of the first EOF mode: the PNA forcing makes
both subtropical and subpolar gyres spin-up/spin-down
simultaneously. Citation: Ishi, Y., and K. Hanawa (2005),
Large-scale variabilities of wintertime wind stress curl field in the
North Pacific and their relation to atmospheric teleconnection
patterns, Geophys. Res. Lett., 32, L10607, doi:10.1029/
2004GL022330.
1. Introduction
[2] It goes without saying that to investigate the charac-
teristics of atmospheric forcing field on the ocean is quite
important from the viewpoint of deeper understanding the
oceanic temporal variabilities. In the atmospheric circula-
tion field, it is well known that there are anomalous
atmospheric circulations called ‘teleconnection pattern’
superposed on a mean field, as pointed out by Wallace
and Gutzler’s [1981] pioneering paper. Barnston and
Livezey [1987] reported the existence of Pacific/North
American (PNA), West Pacific Oscillation (we call this
Western Pacific in the present study: WP), Tropical/
Northern Hemisphere (TNH), and East Pacific (Eastern
Pacific: EP) teleconnection patterns in the North Pacific
sector in winter. These teleconnection patterns might give
significant impacts on various oceanic conditions such as sea
surface temperature (SST) field. Actually, for instance, it is
known that SST anomaly field in the northern central Pacific
is strongly influenced by activities of PNA teleconnection
pattern [e.g., Iwasaka et al., 1987; Tanimoto et al., 1993;
Yasuda and Hanawa, 1997; Yasunaka and Hanawa, 2002,
2003].
[3] However, studies on a relationship between atmo-
spheric teleconnection patterns and wind stress field, wind
stress curl filed and the Sverdrup transport are very few. The
purpose of the present study is to extract characteristics of
large-scale variabilities of wintertime wind stress curl
(henceforth abbreviated as WSC for neatness) field in the
North Pacific, and to elucidate their relation to activities of
atmospheric teleconnection patterns.
2. Data
[4] We originally used two wind stress datasets. One is
the dataset of National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis project [Kalnay et al., 1996], and the
other is one prepared by Tanimoto et al. [1997], who
calculated wind stress based on ship reports archived in
COADS. However, since the results from both datasets are
almost the same, only the results using the NCEP/NCAR
dataset are described in the later sections. In the midlatitude
North Pacific, a coincidence between both wind stresses of
NCEP reanalysis and observations has also been pointed out
by Auad et al. [2001].
[5] The NCEP/NCAR wind stress data are monthly
means and given at 2.5  2.5 (latitude  longitude) grid
points. The data period used in the present study is 52 years
from January 1949 to December 2000. The study area is the
region of 20N–60N, 120E to 110W. However, marginal
seas of the Japan Sea, Sea of Okhotsk, East China Sea and
part of the Bering Sea are excluded from the study area.
[6] In the present study, we use the WSC data smoothed
by a light spatial smoother, actually, using a 1-2-1 (both
latitude and longitude) filter, instead of the unfiltered WSC
data. Since WSC is calculated by the spatial derivative of
wind stress, small-scale features are relatively exaggerated
compared with other variables such as sea surface temper-
ature, even if the data are given at the same grid spacing.
[7] Activity indices of atmospheric teleconnection
patterns reported by Barnston and Livezey [1987] are cited
from the website: http://www.cpc.ncep.noaa.gov/data/
teledoc/telecontents.html. Those are monthly means and
we use nine teleconnection patterns detected from December
to February in the Northern Hemisphere.
[8] In the North Pacific sector, two indices have been
used in various studies so far: the North Pacific Index (NPI)
[Trenberth and Hurrell, 1994] and the Pacific Decadal
Oscillation Index (PDOI) [Mantua et al., 1997]. The NPI
is defined as the sea level pressure (SLP) averaged in the
area of [30N–65N, 160E–140W]. It is known that NPI
can well represent the strengthening or weakening of the
Aleutian Low in winter. On the other hand, the PDOI is
defined as the time coefficient of the first empirical orthog-
onal function (EOF) mode of SST anomaly field north of
20N in the North Pacific, and is regarded as the index
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representing the long-term climate variation in the North
Pacific sector [e.g., Deser et al., 1999]. These two indices
are cited from the websites: http://www.cgd.ucar.edu/
jhurrell/np.html for NPI, and http://jisao.washington.edu/
pd/PDO.latest for PDOI.
[9] In the present study, winter is defined as three
consecutive months from December through February.
Please note that in the figures of time series, winter value
is plotted at the calendar year of January and February: for
instance, winter value from December 1999 to February
2000 is plotted at the year of 2000.
3. Dominant Modes of WSC Anomaly Field
and Their Relation to Atmospheric
Teleconnection Patterns
3.1. Climatologies of WSC Field and Sverdrup
Stream Function
[10] Figures 1a and 1b show climatologies of WSC filed
and Sverdrup stream function, respectively. In winter, the
Aleutian Low develops in the northern North Pacific, and
strong westerlies blow along the zonal band of 30N–40N.
Correspondingly, negative and positive WSCs appear in the
southern and northern sides of the study area, respectively
(Figure 1a). Its boarder line lies along the latitudinal line
from 30N in the western side to 45N in the eastern side.
Positive WSC also appears in the narrow region along the
North American Continent. Sverdrup stream function is a
familiar one (Figure 1b), and the Sverdrup transports as
western boundary currents at the westernmost grids take the
extreme values of about 65 Sv around 27.5N and about
45 Sv around 52.5N.
3.2. Dominant Modes of WSC Anomaly Field
[11] In order to extract large-scale features of WSC
anomaly field, we performed an EOF analysis using a
correlation matrix. Although an EOF analysis has made
for the wind stress anomaly field so far [e.g., Putman et al.,
2000], this kind of analysis has not been done for the WSC
anomaly field.
[12] As a result, we found that the second and fourth
modes are contaminated each other. That is, we found that
both the second and fourth modes correlated with both
WP and EP patterns. Therefore, we performed a Rotated-
EOF (REOF) analysis using the first twenty EOF modes.
However, in this case, we found that both the first and
second REOF modes correlated with both PNA and WP
patterns. After trial and error, we found that an REOF
analysis using 19 EOF modes from the second to the
twentieth, could give a good result. That is, each of
statistically extracted dominant modes has a one-to-one
correspondence to each of the teleconnection patterns, as
described below.
[13] Figures 2a–2d show the first EOF and the three
REOF modes, respectively. The first EOF mode (22.2%:
WSC-1) shows the north-south seesaw pattern, whose
boundary lies along the latitude of about 35N. The centers
of action are situated around [25N, 170W] in the southern
positive area and [45N, 155W] in the northern negative
area. Time coefficient shows the positive trend superposed
by long-term (approximately 20 years) variation as well as
interannual variations.
[14] The second dominant mode detected by REOF
analysis (9.4%: WSC-2) shows the positive area in the
zonal band of 25N–45N and the negative area in the
northern and southern latitudes. The centers of action are
situated around [35N, 175W] in the central negative area
and [50N, 170W] in the northern positive area. Time
coefficient shows large positive values in the early 1980s,
and then takes negative values to the end of the study
period. Interannual variations are particularly dominated in
the 1960s.
[15] The third dominant mode detected by REOF analysis
(5.5%: WSC-3) is dominated in the area off the North
American Continent. From the south to the north, a series
of negative, positive and negative areas are located. Among
Figure 1. Climatologies of (a) WSC field and (b) Sverdrup
stream function. Units in (a) and (b) are 106 kg m2s2 and
Sv (1 Sv = 106m3/s), respectively.
Figure 2. Dominant modes of WSC anomaly field:
(a) WSC-1, (b) WSC-2, (c) WSC-3, and (d) WSC-4. (top)
Spatial pattern (actually factor loadings). Solid (broken)
lines denote positive (negative) values. Contour intervals
are 0.2. (bottom) Time coefficients. Thick solid line denotes
5-year running mean. Percent explained variance is shown
in the upper right of each panel. Numerals in the brackets
show percent explained variance when the unfiltered (raw)
WSC data are used in analysis.
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them, a positive area centered on [42.5N, 135W] is
remarkable. Time coefficient with the dominant decadal-
scale (approximately 10 years) variation shows negative
extremes in the early 1960s and 1990s and positive
extremes in the late 1950s, early 1980s and late 1990s.
[16] The fourth dominant mode detected by REOF
analysis (5.1%: WSC-4) is also dominated in the area off
the North American Continent like the WSC-3, but centers
of action are different from those of WSC-3: large positive
and negative centers of action are situated around [30N,
135W] and [55N, 145W], respectively. Time coefficient
shows negative peaks in the late 1970s and early 1990s.
3.3. Relation With Atmospheric Teleconnection
Patterns, NPI and PDOI
[17] In order to elucidate a relation between dominant
modes of WSC anomaly field and teleconnection pattern
activities, a correlation analysis is performed using time
coefficients of WSC-1 through WSC-4. The result is shown
in Table 1. It is found that each of WSC-1 through WSC-4
has a good one-to-one correspondence with each of PNA,
WP, TNH and EP activities, respectively.
[18] In order to further confirm the above relation from
the viewpoint of spatial pattern, a correlation analysis
between WSC anomaly field and activity indices of tele-
connection patterns is performed (Figure 3). Here note that
in order to easily compare with Figure 2, the sign of activity
index of TNH is reversed from the original one. As
expected, these correlation maps well correspond to those
of WSC-1 through WSC-4 shown in Figure 2.
[19] Next, in order to elucidate a relation between WSC
anomaly field and NPI and PDOI, the same correlation
analyses are done (Table 1 and Figure 4). Here, the sign of
NPI is also reversed to easily compare with Figure 2a. The
results of NPI show an excellent coincidence of those of
WSC-1 in both spatial pattern and temporal variation
(0.93). Since the NPI is defined by the areally averaged
SLP in the central North Pacific, this result is very plausible.
On the other hand, the results of PDOI show that although
obtained spatial pattern is one mostly reflected by WSC-1,
correlation coefficient between time coefficient of WSC-1
and PDOI is not so high (0.57). This is because, since the
PDOI is based on SST field, it reflects not only an effect of
direct atmospheric forcing, but also an effect of the oceanic
process such as reemergence of winter SST anomalies and
the lagged response due to the Rossby wave propagation
[e.g., Schneider and Miller, 2001; Newman et al., 2003;
Hanawa and Sugimoto, 2004; Sugimoto and Hanawa,
2005].
4. Sverdrup Transports
[20] In this section, we explore a relation between the
dominant WSC modes and the Sverdrup transport (SVT).
Figures 5a and 5b show the latitudinal distribution of corre-
lation coefficients between time coefficients of WSC-1
through WSC-4 and SVTs, and that of regression coeffi-
cients, respectively. Here, since SVTs are calculated at the
westernmost grids in the study area, SVTs can be regarded as
the values representing the western boundary currents of
wind driven circulation, i.e., a compensation flow of the
Table 1. Correlation Coefficients Between the Four Dominant
Modes of WSC Anomaly Field, and Activity Indices of Major Four




PNA WP TNH EP NPI PDOI
WSC-1 0.84a 0.04 0.20 0.06 0.93a 0.57a
WSC-2 0.18 0.61a 0.07 0.23 0.11 0.27
WSC-3 0.07 0.09 0.59a 0.09 0.14 0.03
WSC-4 0.01 0.01 0.10 0.66a 0.13 0.09
aThe largest mode for individual teleconnection pattern and index.
Figure 3. (top) Distribution of correlation coefficients
between WSC anomalies and indices of four major
teleconnection patterns in the North Pacific sector and
(bottom) time series of activity index of teleconnection
pattern. (a) PNA, (b) WP, (c) TNH, and (d) EP. Thick
contours denote correlation coefficient of ±0.36 which is the
99.9% significance level. Thick solid line of time series
denotes 5-year running mean.
Figure 4. As in Figure 3 but for (a) NPI and (b) PDOI.
Figure 5. (a) Latitudinal distribution of correlation
coefficients between SVT at each latitude and time
coefficients of WSC-1 through WSC-4 and (b) that of
regression coefficients.
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Sverdrup flow in the interior ocean, under the assumption of
linear-barotropic response of the ocean to WSC field. In
the real ocean, since there are delayed ocean adjustment
processes due to the baroclinic Rossby wave propagation,
we cannot expect this kind of simultaneous response.
Nevertheless, this information would be very useful.
[21] It is quite interesting that WSC-1 has highly positive
and negative correlations with SVTs in the two zonal bands
of 25N–30N and 42.5N–47.5N. This means that both
the subtropical and subpolar gyres are forced to spin-up or
spin-down by WSC-1 (or PNA activities) simultaneously.
Figure 5b shows that the increase (decrease) of WSC-1 by
one unit causes the increase (decrease) of SVTs by 15 to
20 Sv in both gyres. On the other hands, WSC-2 has highly
negative and positive correlations with SVTs in the two
zonal bands of around 35N and around 50N–55N. These
two zonal bands correspond to the transition regions from
the subtropical gyre to the subpolar gyre, and from the
North Pacific to the Bering Sea, respectively (see Figure 1b).
On the other hand, WSC-3 and WSC-4 have no significant
correlations with SVTs. This is because these two modes are
confined in the eastern side of the basin, and therefore their
contributions to SVTs are less significant in magnitude.
[22] Figures 6 shows a time series of SVT anomalies in
the two zonal bands of 25N–30N and 42.5N–47.5N.
SVTs of the former and the latter can be regarded as those of
the Kuroshio in the subtropical gyre, and the Oyashio in the
subpolar gyre. ‘Out-of-phase’ behavior of them is quite
clear. Actually, correlation coefficient is 0.82. Hanawa
[1995] has already pointed out this fact, using another wind
stress dataset. The present study confirms his finding using
much longer and independent dataset.
5. Discussion
[23] In this section, we describe the relationship between
teleconnection patters detected in 700 hPa geopotential
height field [Barnston and Livezey, 1987] and WSC patterns
(Figure 3). In 700 hPa field, centers of action of the PNA
pattern are situated around [20–30N, 170W] and [40–
50N, 175–160W] over the North Pacific, while in WSC
field, those are located around [25N, 170W] and [45N,
155W]. On the other hand, centers of action of WP pattern
in 700 hPa field are situated around [50–60N, 160E–
170W] and [20–30N, 130E–160W], while those are
located around [50N, 170W] and [35N, 175W] in the
WSC field. That is, those of WSC are shifted westward to
about 20 degrees in longitude compared with those of
teleconnection pattern. Centers of action of the TNH and
EP patterns (not mentioned here) are almost the same
locations as those of WSC field. As a conclusion, we can
say that although the centers of action are not strictly the
same locations, those well correspond each other as a gross
feature.
[24] In general, there is no guarantee of a coincidence
between pressure patterns in mid troposphere and WSC
patterns at the sea surface. Actually, we could not find good
correspondence between them in other seasons, especially
in summer. This fact is reflected by the stratification of
atmosphere in winter being rather barotropic and the
pressure patterns in 700 hPa field directly influencing the
WSC field at the sea surface.
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Figure 6. Time series of standardized SVT anomalies
averaged in the two latitudinal bands of 25N–30N and
42.5N–47.5N.
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